Gene expression levels can be subject to selection. We hypothesized that the age of gene origin is associated with expression constraints, given that it affects the level of gene integration into the functional cellular environment. By studying the genetic variation affecting gene expression levels (cis expression quantitative trait loci [cis-eQTLs]) and protein levels (cis protein QTLs [cis-pQTLs]), we determined that young, primate-specific genes are enriched in cis-eQTLs and cis-pQTLs. Compared to cis-eQTLs of old genes originating before the zebrafish divergence, cis-eQTLs of young genes have a higher effect size, are located closer to the transcription start site, are more significant, and tend to influence genes in multiple tissues and populations. These results suggest that the expression constraint of each gene increases throughout its lifespan. We also detected a positive correlation between expression constraints (approximated by cis-eQTL properties) and coding constraints (approximated by K a /K s ) and observed that this correlation might be driven by gene age. To uncover factors associated with the increase in gene-age-related expression constraints, we demonstrated that gene connectivity, gene involvement in complex regulatory networks, gene haploinsufficiency, and the strength of posttranscriptional regulation increase with gene age. We also observed an increase in heritability of gene expression levels with age, implying a reduction of the environmental component. In summary, we show that gene age shapes key gene properties during evolution and is therefore an important component of genome function.
Introduction
Variation in gene expression can contribute significantly to phenotypic diversity at the cellular and organismal levels, 1,2 thus making it subject to selection. [2] [3] [4] [5] [6] Negative selection, which fluctuates from relaxed to stringent, is considered to be the primary evolutionary force that acts on maintaining gene expression patterns across mammalian species. 7, 8 Investigation of intraspecies expression constraints is beneficial because it can uncover an additional class of deleterious regulatory variants that have a low probability of fixation but can segregate in the population. 9, 10 Selection acting on intraspecies gene expression variation has been investigated with different approaches. Gene expression changes can be estimated directly by the measurement of mRNAs and proteins or indirectly through the analysis of the genetic control of mRNA expression variation or protein abundance variation in cis (cis expression quantitative trait loci [cis-eQTLs] and cis protein QTLs [cis-pQTLs]) and in trans (trans-eQTLs and trans-pQTLs).
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Recently, we observed that cis-eQTLs affecting human long intergenic noncoding RNA (lincRNA) genes are more abundant and have a stronger effect than proteincoding genes.
14 Because the majority of human lincRNAs are primate-specific genes 15 and are therefore significantly younger than the majority of protein-coding genes, we propose that lincRNAs might reflect some common properties of young genes. In order to investigate the changes in expression constraints of protein-coding genes in the context of gene age, we analyzed the variation in expression levels and genetic regulation of expression of both mRNAs and proteins and stratified them by gene age. We have demonstrated that gene age is associated with a spectrum of traits related to expression variation, distribution, and properties of cis-eQTLs. Our results indicate that (1) young primate-specific protein-coding genes are enriched in cis-eQTLs; (2) cis-eQTLs of young genes have a strong effect size, are located proximally to the transcription start site (TSS), and have highly significant p values; (3) cis-eQTLs of young genes tend to influence genes in multiple tissues and populations; and (4) expression constraints (approximated by cis-eQTLs properties) and coding constraints (approximated by K a /K s ) of genes correlate with each other and with gene age. We propose that gene expression constraints increase throughout the lifetime of a gene as a result of the gradual integration of the gene into a functional cellular network. We have determined that gene connectivity in coexpression networks, gene involvement in complex regulatory networks, gene haploinsufficiency, and the strength of posttranscriptional regulation increase with the age of a gene and are marked by a depletion of cis-eQTLs. Additionally, we observed that gene-expression heritability increases with gene age, reflecting a diminishing influence of environment on expression level associated with gene age. In summary, our findings suggest that gene expression constraints increase significantly with gene age, reflecting gradual integration of a gene into a functional cellular network and strongly influencing genetic regulation of human gene expression.
Material and Methods

cis-eQTLs from the GenCord Collection
In brief, we collected umbilical cord and cord blood samples of 195 unrelated newborn European individuals in order to derive three cell types: primary fibroblasts, lymphoblastoid cell lines (LCLs), and primary T cells. Genotype and RNA sequencing data were used and analyzed as described previously.
11,14 cis-eQTL calls were performed by Spearman rank correlation. The presence or absence of cis-eQTLs for each gene was derived at a 10% false-discovery-rate level from the GenCord study, and 15.9%-26.6% of genes expressed in fibroblasts, LCLs, and T cells were found to have cis-eQTLs (among 13,043, 12,693, and 13,274 genes, expressed in fibroblasts, LCLs, and T cells, respectively, we found 2,433, 3,372, and 2,115 genes, respectively, with cis-eQTLs). The GenCord study has been approved by the ethics committee of the University of Geneva.
Effect Size of cis-eQTLs, Loss-of-Expression cis-eQTLs, and Gain-of-Expression cis-eQTLs
Using ancestral nucleotides from the 1000 Genomes Project, we categorized all cis-eQTL alleles as ancestral (A) or derived (D). We calculated the effect size of each cis-eQTL as the slope of a linear model between the number of derived alleles (AA ¼ 0, AD ¼ 1, DD ¼ 2) and the expression level of the exon used for the ciseQTL call. Loss-of-expression (LOE) cis-eQTLs have negative slopes, whereas gain-of-expression (GOE) cis-eQTLs have positive slopes.
Gene Age
The age of each gene in the human genome was collected from the human protein-coding gene-age annotation, 16 where each gene was coded from 0 (the oldest, originating before the zebrafish divergence) to 12 (the youngest, human-specific genes). A specific branch for each gene was assigned according to a parsimony rule applied to best-to-best matches between human and outgroup genes. This approach is independent of gene-annotation quality of outgroup species and robust to gene translocations.
Permutation Analysis
cis-eQTLs in the GenCord collection were called on the basis of exon expression levels. Because the number of exons can influence the probability that a gene will have cis-eQTLs, we performed a permutation analysis to control for this. In order to simulate an expected distribution of cis-eQTLs in each gene-age category, we coded each exon as 1 if it had a cis-eQTL and as 0 if it did not have a cis-eQTL (across all genes). Thereafter, we randomly shuffled this vector (presence or absence of cis-eQTLs per exon) and reconstructed the presence or absence of cis-eQTLs on the level of each gene as follows: if at least one exon had a cis-eQTL, the gene was coded as 1, and if no exon had a cis-eQTL, the gene was coded as 0. Using this approach, we accounted for gene structure (number of exons per gene). After 100,000 permutations, we obtained an expected distribution of cis-eQTLs under the assumption that the probability of having a cis-eQTL was the same for each exon. This distribution is depicted as dashed lines in Figure 1 for each gene-age category. The observed decrease in the expected fraction of cis-eQTL genes (genes with cis-eQTLs) among young genes ( Figure 1 ) reflects the small number of exons in young genes.
cis-pQTLs
Lists of cis-pQTL and non-cis-pQTL genes were obtained from the combined data set of Wu et al.
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Variance in mRNA Expression Levels and Protein Levels
The variance in expression levels of mRNA and protein levels has been estimated for 3,390 genes expressed in LCLs in between three and five human individuals (Table S4 in Khan et al. 17 ) . No data for young genes were available in the study. 17 
Analyses of Matched Gene Pairs
To eliminate the influence of cis-eQTL effect size on the pattern of tissue specificity of cis-eQTL genes, we compared pairs of young and old genes matched by their cis-eQTL effect size. First, for each young gene, we found a middle-aged (or old) gene with a cis-eQTL of the most similar effect size. Second, for each gene of a matched pair, we counted the number of cell types (one to three) from the GenCord collection in which the given gene had a ciseQTL and calculated the difference (À2 to 2) between the young and middle-aged (or old) gene from each pair. Finally, we obtained nine distributions of the difference (three cell types versus three possible comparisons: middle aged versus old, young versus middle aged, and young versus old).
In the derived-allele-frequency (DAF) analysis, we merged the young and middle-aged genes and then paired them with old genes according to the effect size of their cis-eQTLs.
In the population analysis, we performed a similar comparison of gene pairs matched by effect size. First, we split all cis-eQTL genes into unique (present in only one population) and population shared (present in two or more populations). The genes from the first group were coded as 1, and genes from the second group were coded as 2. Second, for each young cis-eQTL gene, we found an old cis-eQTL gene with a similar effect size. Third, in each matched gene pair, we obtained the difference in the level of population sharing between young and old genes.
In the expression-level analysis, we performed a comparison of gene pairs matched by expression level.
In all analyses, we controlled for the absence of a statistically significant difference (p > 0.05) in cis-eQTL effect sizes (or expression levels) of the matched groups of genes by using the paired MannWhitney U test. value), family ¼ binomial()). gene_age contains 0s and 1s, which correspond to old and young to middle-aged genes, respectively. The radii of circles were obtained with the ''predict'' function: probability_of_a_gene_to_be_young_or_middle-aged < -predict (glm_results, type ¼ ''response'').
Gene Coexpression Networks and Connectivity
We used the Weighted Gene Co-expression Network Analysis (WGCNA) approach 18 implemented in the R package WGCNA version 1.11-3. 19 Each node in the network represents a gene, and the weight of the connection between two nodes is a function of the Pearson correlation between the expression levels of the two genes. The connectivity of a gene is defined as the sum of the weights of the node representing this gene.
Genes Involved in Complex Regulatory Networks
Lists of genes involved in complex regulatory networks (discordant genes, described in Pai et al. 20 ) were provided by Athma Pai.
Network Proximity to Haploinsufficient Genes
To derive network proximity to haploinsufficient genes, we first used total connectivity from COXPRESdb 21 while considering all gene links with correlation r R 0.3, which gave 3,566,815 links between 15,278 Ensembl genes. Second, using the list of known haploinsufficient genes (297 genes from Dang et al. 22 ), we estimated connectivity to haploinsufficient genes as the number of links with haploinsufficient genes.
Partial Spearman Correlation
Partial Spearman correlations were estimated with R package ppcor. The partial correlation reflects the relationship between two variables while controlling for other variables. Although partial correlation can produce spurious results when applied to noisy data, 23 it was our method of choice because gene age in our data set is a categorical variable, and as such, we could not use standard multiple regression analysis. First, we estimated partial Spearman correlation between K a /K s and cis-eQTL significance while controlling for gene-age effect. Second, we estimated partial Spearman correlation between gene age and three variables: K a /K s , connectivity (total connectivity from COXPRESdb 21 ), and expression level (mean expression level from GenCord cell types with nonzero expression of a given gene) for 9,760 genes. All statistical analyses were performed in R.
Results
To assess the selection acting on the expression levels of different human genes, we took advantage of several expression data sets describing variation in mRNA expression and protein levels, cis-eQTLs, and cis-pQTLs in different tissues and populations. For variation in both mRNA expression and protein levels, we used a data set of 3,390 genes, expressed in LCLs of three to five human individuals. 17 For cis-eQTLs, we used the data from our
GenCord collection of three cell types (fibroblasts, LCLs, and T cells) from 195 unrelated European individuals 11 and cis-eQTLs described in LCLs of 270 individuals from four HapMap populations. 24 For cis-pQTLs, we used the data from LCLs of 74 unrelated individuals. ). There is a deficit of cis-eQTL genes among old genes (branch 0) and an excess among young genes (branches [8] [9] [10] [11] [12] . 95% confidence intervals and medians obtained from 100,000 permutations are plotted by short and long dashes, respectively. The number of cis-eQTL genes with the total number of expressed genes is presented for each age category.
Variation in mRNA and Protein Expression Levels Decreases with Gene Age Because gene age can reflect the level of integration of a gene into the functional cellular environment [25] [26] [27] [28] and can thus be related to gene expression constraints, we stratified all human genes according to their age. Gene age was retrieved from a phylogenetic tree in which the branch of origin of each gene was established 16 ( Figure 1 ).
We analyzed interindividual variation in both mRNA expression and protein levels by using data from 3,390 genes 17 in the context of gene age (see Material and Methods). We found that both mRNA and protein expression variations were more pronounced in younger genes (positive rank correlations between the branch number of origin of gene and mRNA or protein variance: p < 2.1 3 10 À7 , Spearman's rho > 0.09; Figure S1A ). These results are compatible with the recent finding that the sequence up to 10 kb upstream of the TSS, containing the majority of regulatory elements, is less constrained in young genes than in old genes. 28 In order to establish an evolutionary explanation for the variable gene expression levels associated with gene age, we analyzed the genetic component of expression variation by using cis-eQTLs and cis-pQTLs.
Presence and Properties of cis-eQTLs Are Associated with Gene Age
For each gene-age category, we estimated the fraction of cis-eQTL genes and observed the trend that this fraction decreased with gene age: the oldest genes (branch 0) were depleted 2-fold by cis-eQTLs in comparison to the youngest genes (branch 12) (see bold lines in Figure 1 ). Taking into account that cis-eQTL calls were performed for each exon separately and that young genes are shorter and have fewer exons than old genes, 29 we expected the observed trend ( Figure 1 ) to be even more pronounced on the scale of exons. Indeed, comparing fractions of ciseQTL exons between genes of different ages, we saw a strong positive correlation between the fraction and the branch of origin of the gene (Spearman's rank correlation rho ¼ 0. Figure S1B ). Comparing two extreme categories of genes, we observed 6-to 8-fold enrichment of young exons by cis-eQTLs (branch 0 versus branch 12: 4.8% versus 39.3% in fibroblasts, 7.0% versus 42.5% in LCLs, and 4.1% versus 33.0% in T cells; Figure S1B ). Because the number of exons can influence the probability that a gene will have a cis-eQTL, we performed a permutation analysis (see Material and Methods). A total of 100,000 permutations revealed that there was a lack of cis-eQTL genes among older genes, originating at the oldest branch (p < 1. . Notably, despite the semiarbitrary categorization of genes into young, middle aged, and old, the vast majority of our subsequent analyses remained significant when we performed a rank correlation of a property of interest with the branch of origin of genes.
Young genes are expressed at a lower level than old genes. 29 In order to eliminate potential bias due to gene expression levels in our observations, we extracted pairs of genes with the same expression level but different age (young, middle aged, and old; see Material and Methods). Thereafter, we analyzed only gene pairs discordant for ciseQTLs (i.e., one gene had a cis-eQTL, and the other did not) and calculated an asymmetry in the distribution of ciseQTLs with respect to gene age. We found that the probability that younger versus older genes would have a cis-eQTL was higher than the expected 50% in almost all GenCord cell types and compared categories ( Figure S1C ). The strongest and most significant effects (p % 0.01, binomial test) were observed in comparisons of young versus old and young versus middle-aged genes in fibroblasts and T cells ( Figure S1C ). We conclude that irrespective of expression level, young genes have an increased probability of having a cis-eQTL. Given that variation in protein levels increases among recent-origin genes ( Figure S1A ), we expected that the fraction of cis-pQTL genes would increase among young genes in a manner similar to that of cis-eQTLs (Figure 1 ). Despite the small number of recently described cis-pQTLs, 12 we observed that young and middle-aged genes together showed more cis-pQTLs than did old genes (one-sided Fisher's odds ratio ¼ 1.8, p ¼ 0.039; Figure S1D ). This association between gene age and cis-eQTLs and cis-pQTLs suggests that young genes can tolerate more expression changes. If young genes allow extensive variation in expression, we expect that they would be associated with stronger cis-eQTLs. Because strong cis-eQTLs tend to be located close to the TSS and tend to be highly significant, 24 we expect that all three characteristics of cis-eQTLs (effect size, location, and p value) will be associated with gene age. By comparing genes of different ages, we observed that young genes had cis-eQTLs with a 1.6-to 2. The direction of expression changes associated with the derived allele of a cis-eQTL (LOE or GOE) affects the mode of selection pressure. 6 To test whether genes of different ages differ in preferential direction of expression changes, we compared the fractions of LOE and GOE cis-eQTLs between old and young genes (see Material and Methods). We observed that young genes were enriched in LOE ciseQTLs ( Figure S2 ). Considering that young genes evolve under more relaxed expression constraints (Figures 1  and 2 ) and are thus more prone to accumulation of slightly deleterious mutations, an excess of LOE cis-eQTLs (Figure S2 ) could indicate that loss of expression is on average more deleterious than gain of expression. To analyze the tolerance of genes to expression changes in different cell types, we used a subset of ubiquitously expressed genes (genes expressed in at least 90% of samples in all three cell types of the GenCord collection) with ciseQTLs in at least one cell type. For each gene, we counted the number of cell types with a detectable cis-eQTL, and if there was more than one such cell type, we also calculated the average cis-eQTL effect size, the average cis-eQTL distance to the TSS, and the average cis-eQTL p value. We found that genes with cis-eQTLs detectable in multiple cell types were characterized by cis-eQTLs with a high effect size (the effect size of cis-eQTLs present in three cell types was 1.63 higher than the effect size of cis-eQTLs present in only one cell type), close proximity to the TSS, and a highly significant p value ( Figure 3A) , which is consistent with a previous observation. 30 Additionally, our analysis
showed that the genes with cis-eQTLs in multiple tissues were preferentially regulated by LOE cis-eQTLs ( Figures  S3A and S3B) . We noted that genes with cis-eQTLs in multiple tissues and young genes shared similar cis-eQTL properties: these cis-eQTLs were strong, located close to the TSS, highly significant, and predominantly LOE cis-eQTLs ( Figure 2A versus Figure 3A ; Figure S2 versus Figures S3A and S3B). We hypothesized that genes with cis-eQTLs in multiple tissues could be predominantly young genes, and thus the pattern of cis-eQTL tissue specificity could be shaped by gene age. To test this, we analyzed genes with cis-eQTLs present in one, two, or three cell types in the context of gene age ( Figure 3B ). We found that the fraction of common cis-eQTL genes (genes with cis-eQTLs in all three cell types) increased from 9% in the oldest genes (branch 0) to 83% in the youngest genes (branch 12) ( Figure 3B ). Furthermore, there was a significant positive correlation between the branch of gene origin and the fraction of tissue-shared cis-eQTL genes (Spearman's rho ¼ 0.88, p ¼ 6.33 3 10 À5 ; Figure 3B ). Moreover, comparing matched pairs of old and young genes with cis-eQTLs of the same effect size (see Material and Methods), we demonstrated that young genes tended to have cis-eQTLs in more tissues than did old genes ( Figure S3C ), ruling out the possibility that the increased cis-eQTL effect sizes of young genes explain the higher tissue-shared pattern of cis-eQTLs of young genes. These data suggest that young genes can tolerate expression changes in multiple tissues. In order to dissect the selective constraints acting on ciseQTL variants, we estimated their time of origin in the human population. Assuming that the primary mode of selection on cis-eQTLs is negative selection, we hypothesized that the oldest cis-eQTLs would be the most neutral. We approximated the time of origin of cis-eQTL variants by the DAFs (the higher the DAF, the older the allele) 31 and by their level of sharing among different populations A B Figure 3 . cis-eQTL Tissue Specificity (A) cis-eQTL effect size (top panel), location (middle panel), and significance (bottom panel) differ among genes with cis-eQTLs in one, two, or three cell types from the GenCord collection. Box plots do not show all outliers. The box plot whiskers extend to the most extreme data point, which is not greater than 1.53 the interquartile range from the box. ***p < 0.001.
(B) Tissue specificity of cis-eQTL genes is associated with gene age. A total of 4,264 genes, expressed in all three cell types of the GenCord collection and having a cis-eQTL in at least one cell type, were taken into account.
(the more sharing between different populations, the older the allele). 32 Figure S3D ). Analyzing pairs of young and old genes matched by effect size (see Material and Methods), we observed that cis-eQTLs of young genes tended to be more population shared than those of old genes (expected mean ¼ 0, observed mean ¼ 0.19, p ¼ 0.035, Wilcoxon test; Figure S3E ). These results are compatible with our hypothesis that cis-eQTLs of young genes are older than cis-eQTLs of old genes, indicating that selection against variation in the expression level of young genes is less effective.
Coding and Expression Constraints are Congruent and Associated with Gene Age
In the analyses above, we determined that cis-eQTL properties are associated with gene age, which suggests an increase in expression constraints with gene age. These results are complementary to a model of increased coding constraints, 26 which postulates relaxed coding constraints of young genes and thus explains the inverse correlation between the rate of coding sequence evolution and the age of genes. Using our data set, we confirmed the positive correlation between the branch of gene origin and K a /K s (Spearman's rho ¼ 0.34, p < 2.2 3 10 À16 ). To investigate whether coding and regulatory constraints act in concordance with each other or independently, we examined the correlation between expression constraints, approximated by cis-eQTLs, and coding constraints, approximated by K a /K s (see Material and Methods). We observed that genes with cis-eQTLs (or cis-pQTLs) had 7%-15% (or 43%) higher K a /K s values than genes without cis-eQTLs (or cis-pQTLs) ( Figure 4A ; Figure S4A ), suggesting that expression and coding constraints evolve in parallel. We also observed a gradual increase in K a /K s across genes with cis-eQTLs in zero, one, two, or three cell types of the GenCord collection ( Figure S4B ). Together with Figure 3A , this confirms the parallel dynamics of K a /K s and cis-eQTLs. We then split a subset of genes with ciseQTLs into weak and strong according to the median effect size (0. In order to test the relationship among gene age, expression, and coding constraints explicitly, we performed binary logistic regression, where gene age was coded as 1 if it was young or middle aged and coded as 0 if it was old. We merged categories of young and middle-aged genes given that we considered K a /K s values obtained from a comparison of human and macaque; therefore, K a /K s values were only available for a very small number of young genes. In our model, gene age was a function of two variables: K a /K s and cis-eQTL significance (see Material and Methods). For each gene, we estimated the probability of being young or middle aged as ln À P ðyoung or middle agedÞ P ðoldÞ Á ¼ a þ b 3 ð À log 10 ðp valueÞÞ þ g 3 ðK a =K s Þ:
We observed that both K a /K s and Àlog 10 (cis-eQTL p value) were significantly associated with gene age (see Table 1 ). It is noteworthy that both b and g coefficients are positive, indicating that young and middle-aged genes are characterized by both increased K a /K s and highly significant cis-eQTLs. The absolute magnitude of the coefficients revealed that K a /K s is about three to four times more important as a predictor of gene age but that the influence of ciseQTL p values is also significant. To visualize the results of the binary logistic regression, we represented each gene as a circle in which the center corresponds to the gene-specific K a /K s and cis-eQTL p value and in which the radius represents the predicted probability that a gene is young or middle aged ( Figure 4C ). Our data showed that the radius of each circle increased with K a /K s and cis-eQTL significance ( Figure 4C ). The associations between expression and coding constraints ( Figures 4A and 4B) , and both of them with gene age (Figure 4C ), confirm that overall functional constraints of genes can be driven by gene age. If gene age is an important determinant of the correlation between expression and coding constraints, we expect that this correlation will become significantly weaker after we control for gene-age effect. Indeed, the magnitude of Spearman's rho between K a /K s and cis-eQTL significance (Àlog 10 (p value)) decreased to 20%-37% after we accounted for the branch of origin of genes: pairwise Figure 4 . Coding and Expression Constraints Are Correlated (A) cis-eQTL genes have higher K a /K s values than non-cis-eQTL genes in all three cell types from the GenCord collection.
(B) Properties of cis-eQTLs are associated with K a /K s of the affected gene in all three cell types from the GenCord collection: strong cis-eQTLs (with an effect size higher than the median), proximal cis-eQTLs (whose distance to the TSS is shorter than the median distance), and highly significant cis-eQTLs (with a Àlog 10 (p value) higher than the median) affect genes with high K a /K s values. (C) Gene age is significantly associated with both coding (K a /K s ) and expression (Àlog 10 (p value)) constraints in all three cell types from the GenCord collection. Circle size represents the probability that a gene is young or middle aged. Genes with K a /K s values of 0 are not shown. Box plots do not show all outliers. The box plot whiskers extend to the most extreme data point, which is not greater than 1.53 the interquartile range from the box. ***p < 0.001, **p < 0.01, *p < 0.05, and ,p < 0.1. Spearman's rho values without the effect of gene age were 0.10 (fibroblasts), 0.08 (LCLs), and 0.10 (T cells) (all p < 7.0 3 10 À5 ), whereas Spearman's rho values with control for gene-age effect were 0.08 (fibroblasts), 0.05 (LCLs), 0.08 (T cells) (all p < 0.01).
Gene-Age-Dependent Evolutionary Constraints
In all previous analyses, we used gene age as an evolutionary metric that reflects the level of integration of genes into the cellular environment. In the following section, we uncover and describe particular gene-age-dependent properties that affect gene expression constraints more directly. It has been shown that young genes have fewer physical interactions in yeast species 33, 34 and are regulated by fewer genes in humans. 28 To estimate the level of integration of each gene product into cellular metabolism, we reconstructed a gene coexpression network for each cell type of the GenCord collection, estimated the connectivity of each gene as the number of genes it is coexpressed with (see Material and Methods), and then correlated this metric with gene age. Our analysis showed that the connectivity increased with gene age. We observed a negative rank correlation between the branch of gene origin and connectivity (Spearman's rho < À0.10 and p < 2.2 3 10 À16 for all GenCord cell types) and significant differences in connectivity among old, middle-aged, and young genes (p < 0.006 for all GenCord cell types, Mann-Whitney U test; Figure 5A ). Correspondingly, non-cis-eQTL genes had higher connectivity than cis-eQTL genes (p < 3.9 3 10 À7 for all GenCord cell types, Mann-Whitney U test; Figure S5A ). Gene expression constraints might depend not only on the number of coexpressed genes but also on the complexity of gene interactions. By comparing a list of genes potentially involved in complex regulatory circuits 20 with the remaining genes, we observed that genes involved in complex regulatory circuits were enriched among old genes (Fisher's odds ratio ¼ 1.82, p ¼ 2.746 3 10 À7 ; Figure 5B ). Using data from the GenCord LCL (the same cell type that Pai and colleagues 20 used to derive the list of genes involved into complex regulatory circuits), we demonstrated that genes involved in complex regulation had a deficit of cis-eQTLs (Fisher's odds ratio ¼ 0.75, p ¼ 0.0311; Figure S5B ) and a lower cis-eQTL effect size (median effect sizes were 0.008 and 0.013, p ¼ 0.0102, Mann-Whitney U test; Figure S5C ). We next hypothesized that the increase in gene connectivity and involvement in complex regulatory pathways could be correlated with haploinsufficiency. Haploinsufficiency is defined as the occurrence of abnormal phenotypes when only one functional gene copy is present. Thus, haploinsufficiency is directly related to gene expression constraints. Using the predicted haploinsufficiency probabilities of human genes, 35 we found that the probability of being haploinsufficient was indeed higher for old genes: there was a negative rank correlation between the branch of gene origin and the predicted haploinsufficiency (Spearman's rho ¼ À0.37, p < 2.2 3 10 À16 ; pairwise differences in haploinsufficiency among old, middle-aged, and young genes were significant: all p < 2.4 3 10 À6 ,
Mann-Whitney U test, Figure 5C ). Additionally, we found that haploinsufficiency probabilities were higher for noncis-eQTL genes than for cis-eQTL genes for all cell types of the GenCord collection (p < 1.3 3 10 À5 , Mann-Whitney U test; Figure S5D ). Estimated haploinsufficiency depends on four variables: network proximity of a given gene to annotated haploinsufficient genes, expression level during embryogenesis, K a /K s, and connectivity. 35 For two of the four traits (K a /K s and connectivity), we have already shown associations with gene age ( Figures 4C and 5A) ; thus, the correlation between haploinsufficiency and gene age ( Figure 5C ) cannot be considered a completely new and independent finding. Therefore, we also analyzed the network proximity to haploinsufficient genes, which is the most important predictor for haploinsufficiency probabilities. 35 Using a large coexpression database (COXPRESdb 21 ) and a list of human haploinsufficient genes, 22 for each gene we derived the total number of coexpressed genes, the number of coexpressed haploinsufficient genes, and the fraction of haploinsufficient genes among all coexpressed genes (see Material and Methods). Using a negative rank correlation between the branch of gene origin and total connectivity, we found that the total connectivity was higher for old genes (p < 2.2 3 10 À16 and Spearman's rho ¼ À0.15) and observed significant differences in connectivity between old, middleaged, and young genes (all p < 8.6 3 10 À5 , Mann-Whitney U test; Figure S5E ). The connectivity with haploinsufficient genes also increased with gene age. We observed a negative rank correlation between the branch of gene origin and connectivity with haploinsufficient genes (p < 2.2 3 10 À16 , Spearman's rho ¼ À0.18) and significant differences in connectivity to haploinsufficient genes between old, middle-aged, and young genes (all p < 0.0004, MannWhitney U test; Figure S5E ). Importantly, the fraction of connections to haploinsufficient genes also increased with gene age, which was demonstrated by (1) a negative rank correlation between the branch of gene origin and the fraction (p < 2.2 3 10 À16 , Spearman's rho ¼ À0.16),
(2) significant differences in the fractions between old and young genes (p < 2.2 3 10 À16 , Mann-Whitney U test; Figure 5D ) and between old and middle-aged genes (p < 2.2 3 10 À16 , Mann-Whitney U test; Figure 5D ), and (F) The ratio of variances of mRNA to protein levels tends to be higher for old genes than for middle-aged genes.
(G) Gene expression heritability, derived for three tissues of the MuTHER data set, increases with gene age. The mean heritability is plotted for each gene-age category. Box plots do not show all outliers. The box plot whiskers extend to the most extreme data point, which is not greater than 1.53 the interquartile range from the box. ***p < 0.001, **p < 0.01, *p < 0.05, and ,p < 0.1.
(3) a marginally significant difference between middleaged and young genes (p ¼ 0.054, Mann-Whitney U test; Figure 5D ). This reveals that, in parallel with the increase in the total number of connections, the fraction of connections with haploinsufficient genes also increases with gene age and thus multiplies expression constraints of old genes. Using available data comprising both the mRNA expression levels and protein levels for more than 3,000 genes, 17 we investigated the additional contribution of posttranscriptional constraints, which can be derived as the ratio of coefficients of variation on mRNA and protein levels. First, we noticed that the variation in the expression level of proteins was lower than the variation in the mRNA expression level-the log 2 ratio of the coefficients of variation of mRNA to protein levels was significantly higher than expected (observed median ¼ 1.63, expected mu ¼ 0, p < 2.2 3 10 À16 , Wilcoxon test; Figure 5E ). This is consistent with protein expression buffering due to the stronger evolutionary constraints acting on protein than on mRNA levels. 17 Because there are no young genes in the data set of Khan et al., we compared old and middle-aged genes (marked by gray and biege, respectively, in Figure 5E ). We noted that the median ratio for middle-aged genes was marginally significantly smaller than the median ratio for old genes (1.29 versus 1.64, p ¼ 0.07, Mann-Whitney U test; Figures 5E and 5F ). We hypothesized that the strength of buffering can increase with gene age as a result of the acquisition of additional posttranscriptional constraints.
To test this hypothesis, we split the distribution of log 2 ratios ( Figure 5E ) into 643 bins (five genes in each bin) ordered from left to right. We estimated the probability of finding at least one middle-age gene in each bin as a function of the numerical order of the bin (1-643). Using logistic regression (the ''glm'' function in R), we found that the probability significantly (p ¼ 1.94 3 10 À7 ) decreased from 50% (an average of one middle-aged gene per ten genes) on the left side of the distribution to 35% (an average of one middle-aged gene per 15 genes) on the right side of the distribution. Thus, using a relatively small subset of genes with information on both mRNA expression levels and protein levels, we revealed a significant trend suggesting that posttranscriptional modifications become more abundant and stronger with gene age.
So far, we have demonstrated that the regulation of the expression level of old genes is more constrained, suggesting that the expression level of old genes is less affected by segregating regulatory variants. To compare the relative impact of genetic and environmental factors on variation of the expression level of different genes, we analyzed the narrow-sense heritability of gene expression, which was estimated in three tissues of 856 female twins from the MuTHER project:
, where V a is the additive genetic component and V e is the environmental component of variation in gene expression. For all three tissues of the MuTHER data set, we observed a strong increase in gene expression heritability with gene age (negative rank correlation between the branch of gene origin and heritability: all p < 2.0 3 10 À16 , all Spearman's rho < À0.09, Figure 5G ). This result is compatible with recently demonstrated increased heritability of housekeeping (i.e., older) versus nonhousekeeping (i.e., younger) genes. 37, 38 The high heritability of old genes ( Figure 5G ) together with the low total variation in expression level of old genes (V a þ V e ; Figure S1A ) can be explained by the decreased effect of environment on the expression level of old genes (V e ; Figure 6 ). It is important to emphasize that heritability is based on all genetic variants segregating in a population (common cis-eQTLs with MAF > 5%, rare cis-eQTLs with MAF < 5%, and trans-eQTLs), among which trans-eQTLs are the main determinants of the heritability. 36 In this study, we only analyzed common cis-eQTLs and demonstrated that the genetic component of variation based on these cis-eQTLs is increased in young genes. The impact of rare cis-eQTLs and trans-eQTLs on the genetic component of variation of old and young genes is still unknown and could be the subject of future investigations (gray dashed line in Figure 6 ).
Discussion
In this study, we investigated changes in human gene expression constraints in the context of age of gene origin. We have shown that (1) young genes have an excess of ciseQTLs and cis-pQTLs (Figure 1 ; Figure S1D ), (2) cis-eQTLs of young genes are stronger, located closer to the TSS, and more significant than cis-eQTLs of old genes (Figure 2) , and (3) compared to cis-eQTLs of old genes, cis-eQTLs of young genes affect different tissues (Figure 3 ), are present in more populations ( Figure S3 ), and involve older derived alleles. We conclude that all of these properties of ciseQTLs mark low expression constraints of young genes and that the loss of cis-eQTLs with gene age reflects an increase in expression constraints throughout the lifespan of each gene. It has been shown previously that the time of gene origin is associated with many functional traits of eukaryotic genes. 39, 40 In summary, all previously published studies demonstrate that gene age is associated with the strength of purifying selection acting on gene coding constraints, gene expression constraints, and the correlation of these constraints. The coding constraints of young genes are more relaxed, leading to fast 26, 29, 41 and variable 25, 42 rates of sequence evolution of young genes. The expression constraints of genes were investigated with gene duplicates, which are the most common mechanism of origin of new genes. It has been concluded that the dosage-balanced hypothesis 43 determines the main selection forces influencing fixation of gene duplications. 44, 45 For example, dosage-sensitive genes, which include those encoding transcription factors, are retained after wholegenome duplications but tend to be lost after small-scale duplications. [46] [47] [48] In mammals, interspecies expression divergence also tends to be lower in highly expressed and tissue-specific genes. 49 The correlation between coding and expression constraints and the main causative factors driving this correlation is a long-standing puzzle. 50, 51 In yeast, both expression and coding divergences increase after gene duplication, 52 supporting the observation that expression similarity and the fraction of shared eQTLs decrease with the age of duplicated genes. 53 The strong and stable correlation between interspecies expression divergence and interspecies sequence divergence has also been described in mammals, 51, 54 and it has been suggested that the correlation could at least partially represent a default evolutionary state. 51 Our results complement and extend previous findings toward the level of genetic polymorphisms. We demonstrate that expression constraints increase with gene age and contribute to the congruent evolution between coding and expression constraints. Because gene age is associated with both coding and expression constraints (Figure 4) , we propose that the correlation between coding and expression constraints can be maintained by age-dependent purifying selection, which affects both types of constraints simultaneously. Thus, gene age can be an evolutionary proxy for the level of functional constraints of a gene. Taking into account our own results and the results of other studies elucidating associations between gene age and expression level, 29 between gene age and coding constraints, 26 between connectivity and coding constraints, 55, 56 and between gene age and connectivity, 28 we propose an integrative point of view that gene age shapes all of these correlations. To infer the direction of causality, we can use the time scales of different analyzed traits, among which gene age is the oldest variable and is thus most likely the causative one. To test whether the correlation between gene age and two key variables (K a /K s and connectivity) persists after the consideration of gene expression level, 57 we performed partial Spearman correlations (see Material and Methods) and observed that gene age continues to affect these variables ( Figure S6 ). Given that gene expression constraints, estimated from human polymorphisms (with the average age of variants under one million years), reflect the time of origin of genes (with timescales of dozens or hundreds of million years), we can conclude that the acquisition of new functional constraints is a very long process that has most likely not reached its limit, even for the oldest human genes. 28 To pinpoint the driving factors, we demonstrated that gene connectivity, gene involvement in complex regulatory networks, network proximity to haploinsufficient genes, and the strength of posttranscriptional regulation increase with gene age ( Figure 5 ). This provides a mechanistic explanation for the model of increased expression constraints ( Figure 6 ). The increased heritability of the expression level of old genes ( Figure 5G ), which implies a reduced effect of environmental factors on the expression level of old genes, further supports the model of increased expression constraints. Interestingly, the expression of young genes is less constrained not only among different individuals of the same developmental stage, as demonstrated in our study, but also among different developmental stages. Recently, Domazet-Lo so and Tautz 40 demonstrated that changes in the transcriptome during ontogeny are mainly driven by young genes and that the expression of old genes is more or less stable across all ontogenetic stages. The oldest transcriptome is expressed during the most critical and conserved stage of ontogenesis, whereas reproductively active animals show the youngest transcriptome. Recent findings showing a positive correlation between the earliest expression stage during development and expression divergence 51 can also be explained by gene age, given that young genes tend to be expressed later and have less constrained, and therefore more divergent, expression levels.
Because the distribution and properties of cis-eQTLs can be explained by purifying selection, which is stronger for old genes, cis-eQTLs could be considered a class of slightly deleterious regulatory variants. The excess of such variants in young genes demonstrated here and the excess of complex human diseases associated with genes of recent origin 58 could explain the significant overlap between cis-eQTL genes and genes associated with complex human diseases. [59] [60] [61] The high susceptibility of young genes to slightly deleterious regulatory and coding variants might provide evidence that young genes have an increased mutational load and therefore cumulatively affect human fitness more significantly than old genes.
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